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Knowing where we are and how to navigate through space is
a skill we use on a daily basis, despite our increasing reliance
on electronic GPS systems. Last year’s Nobel Prize in Phys-
iology or Medicine was jointly awarded to John O’Keefe and
Edvard and May-Britt Moser for the remarkable discovery of
cells in the brain responsible for spatial mapping (Kandel,
2014). A number of recent studies now provide even further
insight into how our brain’s internal GPS may work.
Grid cells are neurons in the cortex with unusual properties.
When an animal is exploring a space, each individual grid cell
fires when the animal is in multiple locations within that
space, and these hot spots are spaced out in a hexagonal
grid pattern, hence the name. Some models have suggested
that grid cells provide an unchanging, universal matrix for
measuring distances in space. However, two recent papers
challenge this notion, demonstrating a clear influence of envi-
ronmental geometry on grid pattern.
The orientation of grid patterns is thought to be anchored to
reference frames in the environment that can be provided by
distant cues. For example, when animals are in a symmetri-
cal, circular space, grid cells use landmarks in the distance
as an anchor. However, O’Keefe and colleagues found that
when rats were placed in spaces with geometric features to
which the animalmight orient itself, such as a square, rotation
of the environment resulted in rotation of grid axes (Krupic
et al., 2015). This occurred even when landmarks in the dis-
tance stayed put, suggesting that when the local environ-
ment provides geometrical cues, the grid cells make use of
them and reorient their firing patterns accordingly. But
perhaps grid cells are still invariant in terms of their grid
spacing? In fact, when rats were placed in a highly asym-
metric environment, such as a trapezoid, their grid patterns
bent and stretched to adapt to the geometry of the new envi-
ronment and remained stably distorted. This indicates that
grid cells deform their spatial activity patterns in a lasting
way so that they fit the geometric features of the animal’s
local surroundings.Grid patterns are symmetrical when rats are in a square environment
(right) but are distorted in a trapezoidal environment (left). Image
courtesy of J. Krupic and J. O’Keefe.
Bats navigating through three-dimensional space. Image from
iStock.com/peters99In another study, theMosers and colleagues recorded from
grid cells in rats exploring a square environment (Stensola
et al., 2015). They found that the orientations of individual
grid cell firing patterns were almost aligned with one of the
walls of the square, but not quite—they were offset by a small
degree, a finding also observed by O’Keefe and colleagues.
Why might this be? It turns out that slight rotation minimizesthe symmetry between the grid pattern and the environ-
mental geometry. If the grid patterns were perfectly aligned
with the arena walls or offset by a wider angle, animals might
get confused between different locations with the same geo-
metric features, perhaps with one corner looking much like
another. In addition, when they put rats into a square environ-
ment for the very first time, the grid patterns were not offset;
instead, they were very closely aligned with one of the walls.
This suggests that grid cells initially match up with the geom-
etry of their new environment, but over time, the axes of grid
patterns are rotated to optimize the animal’s ability to deter-
mine its precise location.
Together, these two papers demonstrate that grid cells are
more malleable than previously thought and can adapt their
spatial firing patterns to the local environment the animal
finds itself in. But what exactly is the role of these cells in
spatial navigation? It has been postulated that grid cells
use information about how far and in what direction an animal
hasmoved in order to constantly update location. So it would
seem reasonable to suppose that they receive input from
neurons that can detect directionality. A study from Jeffrey
Taube and colleagues now provides experimental evidence
that grid cell function in rats requires input from head direc-
tion (HD) cells, which are found in part of the thalamus and
represent the direction the animal is facing (Winter et al.,
2015). When the authors inactivated these cells by local in-
jection of lidocaine, which blocks sodium channel function,
or by severely lesioning the brain region containing these
cells, grid-like firing in the cortex disappeared.The above studies were carried out in rats exploring a two
dimensional environment, but what about animals that can
fly? How do they constantly evaluate their three-dimensional
position and heading as they navigate through space? A
recent paper from NachumUlanovsky and colleagues shows
that bats not only have HD cells, but several different flavors
of them (Finkelstein et al., 2015). While some are directionCell 160, March 12, 2015 ª2015 Elsevier Inc. 1035
selective in the horizontal plane, others are tuned to pitch or
roll, and still others respond two or three dimensionally.
Remarkably, when bats flip to an inverted hanging position,
the direction selectivity of horizontally sensitive neurons is
shifted by 180 by the time they’re upside-down. This means
that instead of having to activate a new population of neurons
during such acrobatic moves, bats use the same sets of
horizontally selective neurons to guide them stably through
the aerial maneuver. But if this is the case, then how do
bats know if they’re upside down or upright? It turns out
that the population of cells tuned to the vertical orientation
cover the whole 360 range for pitch, so together with the
horizontally coded cells, these allow the bats to tell their
precise three-dimensional orientation. From this data, the
authors propose that bats use a donut-shaped coordinate
system to represent head direction. An advantage of using
toroid rather than spherical coordinates is that abrupt discon-
tinuities are avoided when pitch changes dramatically, allow-
ing smooth representation of three-dimensional position.
Since the study from Taube and colleagues indicates that
HD cells provide input to grid cells, this opens up the possi-
bility that grid cells also code in three-dimensional space.
Another intriguing question is whether non-flying mammals
that navigate in complex three-dimensional environments
use a similar system. For example, when your cat is engaging
in its nightly acrobatic antics, is it making use of a complex,
three-dimensional neural compass? What about humans,
especially gymnasts and ski jumpers who are able to perform
remarkable, gravity-defying feats? There’s evidence that
even in rats, which we normally think of as rather earth-bound
creatures, navigational neurons are able to code for three-
dimensional space (Hayman et al., 2011), suggesting that
at least some version of a three-dimensional compass may
bewidespread amongmammals. It will be interesting to learn
whether experience and training are able to shape the func-
tion of such a compass.
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